In human African trypanosomiasis (sleeping sickness), sleep and wake episodes are sporadically distributed throughout the day and the night. To determine whether these sleep disturbances affect the 24-h hormone profiles and the normal relationships between hormone pulsatility and sleep stages, polygraphic sleep recordings and concomitant hormone profiles were obtained in 6 African patients with sleeping sickness and in 5 healthy African subjects selected from Abidjan on the Ivory Coast. Polysomnographic recordings were continuous, and blood was taken every 10 min throughout the 24-h period. Plasma was analyzed for cortisol, prolactin, and plasma renin activity (PRA). The 24-h rhythm of cortisol, considered to be an endogenous circadian rhythm, was attenuated in all of the patients except one. However, as in normal subjects, slow wave sleep (SWS) remained associated with the declining phases of the cortisol secretory episodes. Prolactin and PRA profiles, which are strongly influenced by the sleep-wake cycle, did not manifest the nocturnal increase normally associated with the sleep period; instead, they reflected a sporadic distribution of the sleep and wake episodes throughout the 24-h period. In patients with sleeping sickness as in normal subjects, rapid eye movement (REM) sleep began during the descending phases of prolactin pulses. In both groups, PRA reflected the sleep stage distribution with non REM (NREM) sleep occurring during the ascending phases and REM sleep during the descending phases of the PRA oscillations. However, in sleeping sickness patients, the marked sleep fragmentation often did not allow sufficient time for PRA to increase significantly, as is normally the case in subjects with regular NREM-REM sleep cycles. These results demonstrate that, together with the disruption of the sleep-wake cycle, there are profound differences in the temporal organization of the 24-h hormone profiles in humans with African trypanosomiasis. However, the relationship between hormonal pulses and specific sleep stages persists, indicating the existence of a robust link between hormonal release and the internal sleep structure.
In Western and Central Africa, human African trypanosomiasis, that is, sleeping sickness, is caused by the inoculation of Trypanosoma brucei gambiense by Glossina palpalis (tse-tse fly). Infected patients manifest a disorganization in the sleep-wake cycle, which varies depending on the severity of the disease. Sleep and wake episodes are equally distributed throughout the day and the night, and the circadian organization of sleep and wakefulness, occurring in healthy subjects, disappears (Buguet et al., 1993) .
The temporal organization of the 24-h hormonal rhythms may be primarily controlled by an internal circadian clock, or may be primarily dependent on the sleep-wake cycle, or may reflect both of these influences (Van Cauter and Refetoff, 1985; Van Cauter et al., 1990) . These rhythms arise from a succession of secretory pulses of varying magnitude, which may themselves be linked to the rapid eye movement (REM)-non REM (NREM) sleep cycles (Brandenberger, 1993) . Three kinds of interactions have been described between sleep and hormonal rhythms (Mullen, 1983) .
In the first type, hormones such as cortisol are little influenced by sleep but are rather controlled by an internal oscillator generating a circadian rhythm. However, cortisol also exhibits a temporal association with slow wave sleep (SWS) , which occurs during the declining phases of the secretory pulses (Follenius et al.,1991) . In the second type, hormones are strongly influenced by the sleep-wake cycle. The best example is the prolactin rhythm, which is characterized by secretory episodes of greater amplitude during sleep periods, regardless of the time of their occurrence (Sassin et al.,1972 (Sassin et al., ,1973 . In addition, prolactin is systematically associated with REM sleep beginning at a low rate of prolactin secretion (Spiegel et al., 1994) . The third type of relationship is one in which hormones are mainly related to the internal sleep structure. They are represented by renin, a key enzyme of the renin-angiotensin system. Nocturnal oscillations of plasma renin activity (PRA), measured as an index of renin release, reflect exactly the NREM-REM sleep cycles, so that renin can be considered to be a biological marker of sleep stage alternation (Brandenberger et al.,1988 (Brandenberger et al., ,1994b .
In a previous study, Radomski et al. (1995) using hourly blood samples reported that the 24-h profiles of plasma cortisol and prolactin showed major disruptions in sleeping sickness patients who are severely ill.
We further examined the extent of the alterations of the 24-h rhythms of three hormones-cortisol, pro-lactin, and renin-representing, respectively, the three types of relationships. We used a high frequency blood sampling technique (every 10 min), which permitted a precise determination of the hormonal episodic variations in order to determine whether the disappearance of the circadian organization of sleep is associated with changes in the normal relationship between hormonal pulses and sleep stages.
SUBJECTS AND METHODS

Subjects and Protocol
Six patients (5 men and 1 woman, aged 21-36 years) were selected by field medical screening in remote villages in the Congo under the auspices of the Department of Endemic Diseases of the Ministry of Health of the Republic of Congo. Such field investigations are regularly organized in areas infested by tse-tse flies, in order to detect infected people and to transport them to a hospital facility for treatment. The patients understood the nature of the experimental conditions and volunteered to participate in the study. Informed consent was obtained, as well as agreement from the Ministry of Health and University Hospital Medical Council. Trypanosoma brucei gambiense was present in the blood, lymph nodes, and cerebrospinal fluid. None of the volunteers were seropositive for HIV or HTLV-1. The patients were transferred to the University Hospital of Brazzaville and were examined by two neurologists. Six patients were in the stage of meningoencephalitis. The diagnosis of sleeping sickness was further confirmed by a serologic immunofluorescence test. Immediately following the 24-h study, the patients received treatment with melarsoprol. The patients agreed to postpone specific treatment for 24 h, which is not a significant period of time in the longterm evolution of the disease.
Five healthy African volunteers (5 men, aged 20-25) were selected from an Ivory Coast in the city of Abidjan (Ivory Coast) and served as controls. They gave their informed consent, after the protocol had been approved by local medical authorities. They were suburban dwellers and unemployed. Medical and biological screening showed them to be in good health and not taking any medication. The subjects remained in a supine position and were allowed to sleep ad libitum. Due to insufficient available plasma, 6 healthy Caucasians served as a comparison group for prolactin mea-surements. They were randomly chosen from subjects who participated in the determination of 24-h hormonal profiles in Strasbourg, already published elsewhere (Spiegel et al., 1994) . The experimental setup differed from the African group as the Caucasian subjects were accustomed to laboratory conditions, were on enteral nutrition, and sleep was allowed only from 2300 to 0700 h.
In order to avoid disturbing sleep, all patients and controls were studied in an air-conditioned room adjacent to the recording room with equipment leads and i.v. lines passing through an opening in the wall. Patients and control subjects remained at bed rest during the 24-h period. Polysomnographic recordings were taken continuously. They included electroencephalogram, electro-oculogram, and electromyogram. The sleep stages were scored according to standard criteria (Rechtschaffen and Kales, 1968 ).
Blood Sampling and Hormone Analysis
The patients and subjects were catheterized in the median basilic vein. Blood samples were taken at a rate of 2.4 ml.10 min-1 in tubes containing EDTA-disodium salt, using a constant withdrawal pump from 1400 h (Day 1) to 1400 h (Day 2). The amount of blood taken was kept within the range of a standard blood donation (346 ml over 24 h). Blood was immediately centrifuged at 4°C and the plasma frozen and stored at -25°C until analysis.
All hormones were measured by radioimmunoassay, all samples from one subject being analyzed in the same assay. Cortisol was assayed using the method of Vescei et al. (1972) . The cortisol antiserum was raised against a bovine serum albumin cortisol-21-acetate-3-0-carboxymethyl oxime conjugate. Detection limit, when defined as the concentration at two standard deviations of the counts at zero binding, was 0.5 Jlg.100 ml-1. The intra-assay coefficient of variation (CV) for the duplicates was 20% for levels less than 4 gg.100 ml'B 10% between 4 and 6 ~g.100 ml-1, 4% between 6 and 15 gg.100 ml, and 2% for levels above 15 ~g.100 ml-1. Prolactin was measured by immunoradiometric assay using kits from Corning/Gilford (Le Vesinet, France). The detection limit was 1 ng.ml-l. CV averaged 5% in the observed concentration range. PRA was measured by radioimmunoassay of angiotensin I generated after the incubation of plasma (Incstar, Stillwater, USA). The detection limit was 0.18 ng.ml-1.h-1, with a CV of 4% between 10 and 20 ng.ml-l.h-1, 6% between 2 and 10 ng.ml.-1.h-1, and 30% below 1 ng.ml-l.h7l.
Data Analysis
Mean 24-h hormonal values were compared using nonparametric tests (Leach, 1991) . The individual profiles were analyzed using the pulse detection algorithm ULTRA, which takes into account the detection limit of the analytical procedures and the precision of the assays at the various concentration ranges (Van Cauter, 1981) . A hormonal pulse was considered significant if both the increase and the decrease exceeded three times the intra-assay CV in the relevant range of concentrations. For each significant oscillation, the ascending phase, the declining phase, and the absolute amplitude were calculated.
All REM sleep and SWS episodes were considered in association with the various phases of the hormonal pulses (descending or ascending phase). This association was tested by Chi-square, taking into account the relative proportions of 10-min samples in the ascending and nonascending phases of the pulses.
To quantify the wave shape of the cortisol rhythms, each individual profile was smoothed using a robust locally weighted regression procedure (Cleveland, 1979) . The acrophase was defined as the time of occurrence of the maximum in the best-fit curve. As adapted from previous studies (Linkowski et al., 1985) , the quiescent period of cortisol secretion was defined as starting when concentrations lower than 50% of the 24-h mean were observed for at least six consecutive samples, and ending when concentrations higher than 50% of the 24-h mean were observed in more than six consecutive samples. Because low interpulse levels often occurred during 30-min periods, the quiescent period lasted at least 1 h to be well defined.
For PRA profiles, analysis of variance for repeated measures and paired t tests with Bonferoni procedure for multiple comparisons were used to assess the differences between the mean values, the mean number of pulses, and the absolute pulse amplitudes. Three periods were considered-Pl:1400-2120 h (waking period), P2: 2120-630 h (sleep period), and P3: 630-1400 h (waking period).
The relationship between PRA and sleep stages was analyzed by transforming both series of data into Z scores as previously described (Brandenberger et al., 1994b) . This method permits the comparison of chronological series that are not expressed in the same units, making it possible to plot the PRA levels and the sleep score on the same graph. First, each sleep stage was scored from 1 to 6, as a function of the theoretical density of slow-wave activity (wake, 1; REM sleep, 2; Figure 1. Comparison of the mean (±SEM) 24-h cortisol profiles in 6 patients with sleeping sickness and in 5 control subjects. stage 1, 3; stage 2, 4; stage 3, 5; stage 4, 6). Second, the duration of each sleep stage was taken into account in order to calculate the final score for each 10-min period. This final score was then transformed into Z score. For PRA levels, the method consisted of adjusting a least-square polynome to the series of data that had been previously smoothed using the moving average method over a three-point span. The polynomial values were substracted point by point from the series of PRA values. Residual values were transformed into Z scores and compared to sleep Z scores by crosscorrelation. Unless otherwise indicated, all results are expressed as means ± SEM, and p < 0.05 was considered statistically significant.
RESULTS
The sleep patterns of the patients varied widely, with a total sleep time over a 24-h period ranging from Figure 2 . Individual 24-h cortisol profile in one representative patient with sleeping sickness and in one control subject. Slowwave sleep (stages 3 and 4), in shaded areas, occurs in the descending phases of cortisol pulses. 151 to 665 min. In the control subjects, total sleep time was 418 ± 22 min. In all patients, there was a marked fragmentation of sleep with frequent awakenings. There were no differences between the patients and the control subjects in the sleep stability index (total sleep time/1 + number of stage changes) (1.56 ± 0.25 in the patients vs. 1.43 ± 0.22 in the controls; NS) or in SWS duration (81 ± 17 in the patients vs. 79 ± 19 min in the controls). Contrarily, REM sleep duration was significantly lower in the patients (41 ± 14 in the patients vs. 80 ± 8 min in the controls). In the controls, the main sleep episode occurred between 2118 and 634 h with naps from 1430 to 1523 h. In three of the six patients, the main sleep episode occurred during the night, whereas no differences between the duration of night sleep and day sleep were observed in the other three. Figure 1 illustrates the mean 24-h cortisol profiles in the patients with sleeping sickness as compared to those of the control subjects. The mean 24-h values (7.3 ± 1.4 in the patients vs. 6.4 ± 0.6 ~g.100 ml-1 in the control subjects) and the number of pulses (10.0 ± 0.9 vs. 13.4 ± 1.5) were similar in both groups. However, the temporal organization of the pulses within the 24-h period differed widely The healthy subjects exhibited a prominent circadian rhythm with a phase advance of cortisol concentrations probably related to the sleeping habits of African subjects, with an earlier waking time (Buguet et al., 1990; Goichot et al., 1995) . The quiescent period lasted from 1829 h ± 35 min to 2347 h ± 53 min, and a major acrophase occurred in the early morning hours (0520 h ± 13 min). Only one of the patients with sleeping sickness showed a clear circadian rhythm with a main peak at 0530 h (value of 28.3 ~g.100 ml-1). In the other 5 patients, the 24-h profiles were characterized by a succession of peaks of almost similar size, with predominant peaks occurring at random moments during the day. However, the mean data revealed that there remained an underlying cortisol rhythm, albeit of reduced amplitude (Table 1) in the patients with sleeping sickness. The nocturnal acrophase culminated at 0508 h ± 48 min with a sig-nificantly lower value than in the control subjects. Four of the sleeping sickness patients exhibited a short quiescent period (100 min ± 18 min), while in the other two, no quiescent period could be identified. In control subjects and in patients, the previously described (Follenius et al., 1991) relationship between cortisol pulses and SWS was preserved (Fig. 2 ). SWS remained significantly (p < 0.05) associated with the declining phases of cortisol pulses even in the most severely ill patients (Table 2 ). Figure 3 illustrates the mean prolactin and sleep profiles in the patients with sleeping sickness and in the healthy Caucasian subjects previously studied. A close association was found between prolactin levels and sleep duration. The Caucasian subjects exhibited a normal nocturnal sleep with a large concomitant increase in prolactin levels. In the sleeping sickness patients, the fragmentation of the sleep and wake episodes throughout the 24-h period was reflected by higher daytime prolactin levels (1400-2300 h: 81 ± 2% in the Caucasian subjects vs. 96 ± 3% in the patients; p < 0.01; 700-1400 h: 79 ± 4% in the Caucasian subjects vs. 89 ± 4% in the patients; p < 0.05) and in an attenuated nocturnal increase (2300-700 h:140 ± 4% in the Caucasian subjects vs. 114 ± 5% in the patients; p < 0.01). The mean levels calculated in the patients for each of the three periods were correlated with the corresponding mean percentage of time spent asleep (r = 0.50; p < 0.01). Also, from the individual profiles, it appears that prolactin release remained pulsatile and healthy Caucasian subjects and in 6 patients with sleeping sickness. The percentage of time spent asleep was calculated for each 10-min period corresponding to a single blood sample. that the number of pulses was not statistically different in the two groups (15.7 ± 1.5 in the patients vs. 11.8 ± 1.4 in the Caucasian subjects). The mean 24-h values in the Caucasians were 5.8 ± 0.5 ng.ml-1 with a mean pulse amplitude of 2.3 ± 0.2 ng.ml-1. Two of the sleeping sickness patients had high prolactin levels (26.5 and 46.7 ng.ml-1) with high pulse amplitude (5.7 and 10.7 ng/ml). The 4 other patients had normal values (4.7 ± 0.8 ng.ml-1) with a mean pulse amplitude of 1.6 ± 0.3 ng.ml-1. Once again, the relationship between prolactin levels and sleep stages was maintained (Table 3) . As previously reported, REM sleep began in both the Caucasian subjects and the patients in the nonascending portions of the pulses (Fig. 4) . Figure 5 illustrates the mean 24-h PRA profiles of the patients in comparison to the healthy African subjects. Mean 24-h PRA levels were higher in the patients than in the controls, but the difference was not significant (2.6 ± 1.2 ng.ml-l.h-1 in the patients vs. 1.5 ± 0.4 ng.ml-l.h-1 in the healthy African subjects). In the healthy subjects during normal night-time sleep, a significant increase (p < 0.05) in the mean PRA levels occurred compared to both the preceding and subsequent waking episodes (Table 4 ). In the sleeping sickness patients, individual profiles differed widely and the mean profiles showed a general ascending trend that could not be related to a trend in sleep quality Pulse analysis of the individual profiles revealed that in healthy subjects, the number of oscilla- tions was significantly (p < 0.01) greater during nighttime sleep than during the waking episodes, whereas PRA oscillations were evenly distributed throughout the 24-h period in the sleeping sickness patients (Table  4) . Similarly, in the healthy subjects, the absolute amplitude of the oscillations was significantly (p < 0.05) enhanced during nighttime sleep compared to both waking episodes. In the sleeping sickness patients, there were no differences in the mean PRA levels, in the number of the oscillations, and in their amplitude during the three successive periods. The previously described (Brandenberger et al., 1988) relationship between PRA and sleep stage alternation was observed in the healthy African subjects, with increasing levels during NREM sleep and decreasing levels during REM sleep. Figure 6 (left) shows the close link of PRA Table 3 . Association between REM sleep onset and plasma prolactin pulses in 6 Caucasian subjects and in 6 patients with sleeping sickness. Figure 5 . Comparison of the mean (±SEM) 24-h plasma renin activity (PRA) profiles in 6 sleeping sickness patients and 5 control subjects. oscillations with the internal sleep structure in two subjects. As sleep deepened (rise in sleep Z score), PRA rose, and vice versa. Cross-correlation coefficients between sleep stages and PRA after Z score transformation were significant in all subjects (range 0.67-0.77).
The association between individual PRA increases and SWS episodes was preserved in sleeping sickness. Figure 6 . Individual plasma renin activity (PRA) profiles and sleep depth after Z-score transformation in two patients with sleeping sickness (right) and in two control subjects (left). Ascending phases indicate sleep deepening that is associated with increases in PRA. Descending phases indicate sleep lightening, associated with decreases in PRA. Note the dissociated patterns in one patient when rapid changes in sleep stages are not parallel to similarly rapid changes in PRA (right, bottom).
In the 6 patients studied, 32 SWS episodes were recorded and all but 1 were linked to significant increases in PRA. Forty REM sleep episodes were recorded and all but 2 occurred when PRA was declining. However, the rapidity with which the transition was generally effected between a given sleep stage and wakefulness did not allow sufficient time for PRA oscillations to develop. Figure 6 (right, top) is a demonstration of the association of the Z score of sleep and PRA in one of the patients who showed an SWS episode lasting more than 20 min. The graph at the bottom (right) illustrates dissociated patterns in one of the patients whose rapid changes in sleep stages were not parallel to similarly rapid changes in PRA. 
DISCUSSION
Human African trypanosomiasis, which is dramatically spreading in intertropical Africa (Kuzoe, 1993 ) offers a unique model for an examination of whether a dysfunction of the circadian organization of sleep affects the temporal pattern of hormone release and the normal association between hormone pulses and the internal sleep structure. At the stage of meningoencephalitis, sleeping sickness manifests itself not as hypersomnia, but rather as a disappearance of the circadian sleep-wake cycle, with sleep and wake episodes sporadically distributed throughout the day and the night. This study demonstrates that, in the presence of these sleep disorders, there are profound modifications in the 24-h hormone profiles, although hormone pulses remained related to specific sleep stages.
Changes in the 24-h profiles of hormones known to be related to the sleep-wake cycle appear to be normal consequences of the sleep disturbances. Prolactin and renin did not display the increased levels that are normally associated with long sleep episodes, regardless of the time of their occurrence (Sassin et al., 1972 (Sassin et al., , 1973 Spiegel et al., 1994; Brandenberger et al., 1994a) . In the patients, daytime plasma prolactin was elevated and its nocturnal rise was attenuated, reflecting the altemance of sleep and wake episodes throughout the 24-h period. The close association between prolactin levels and the duration of sleep, found in the patients with sleeping sickness, offers further support on the point of view that 24-h variations in prolactin are mainly sleep related. In the patients, individual PRA profiles showed wide variations without any systematic trend. PRA oscillations were spread over the 24-h period and did not show any day-night difference in pulse frequency and amplitude, as seen in the control subjects. These results confirm that the 24-h variations in PRA are not circadian in nature but principally related to sleep (Brandenberger et al., 1994a) .
Plasma cortisol is known to be driven by an endogenous oscillator as it is little influenced by a shift in the sleep period or by sleep deprivation. One might have expected that the circadian sleep-wake disturbances in sleeping sickness would not affect the circadian rhythm of plasma cortisol. However, in all patients but one, there was a large attenuation of the circadian modulation of pulse amplitude. There remained a normal underlying cortisol rhythm of reduced amplitude, which confirms the previous results of Radomski et al. (1995) . The patients either had no quiescent period, or a shortened one. Because cortisol is sensitive to stressful situations, this quiescent period may be obscured by superimposed stress-induced peaks that could exert a masking effect on the endogenous cortisol rhythm. However, the absence of hypercortisolism suggests rather a dysfunction of the suprachiasmatic nuclei, thought to represent the major oscillator pacing biological rhythms. In this respect, it has been reported that trypanosomes infiltrate hypothalamic areas (Schultzberg et al., 1988) and may cause a dysregulation of gene expression in the suprachiasmatic nucleus, as seen recently in rats (Bentivoglio et al., 1994) . Alternatively, the possible influence of changes in the rest-activity cycle, which have been found to modify the circadian clock in mammals, must be taken into consideration (Turek, 1989; Edgar and Dement, 1991; Wickland and Turek, 1991) . In any case, sleeping sickness seems to be unique in this respect, in that prolonged sleep disturbances in narcolepsy and coma do not affect circadian rhythmicity of plasma cortisol levels (Higuchi et al., 1979; Sack et al., 1983; Vogel et al., 1990) . In depression, alterations in cortisol rhythm similar to that seen in sleeping sickness have been reported, but with consistent hypercortisolism (Linkowski et al., 1985; Rubin et al.,1987) .
Despite the disorganization of the 24-h hormone rhythms, the relationship between hormone pulses and the internal sleep structure established in healthy humans was preserved in sleeping sickness, thus demonstrating its robustness. There was no evidence of abnormal renin release in this disease. In all patients, the previously described association between increasing PRA levels and SWS persisted. However, because of the marked sleep fragmentation in the patients, the duration of the sleep cycles was often insufficient for PRA to increase significantly, leading to a dissociation of sleep stage alternation and PRA oscillations. Such a dissociation has been previously reported in narcolepsy, a syndrome characterized by marked sleep fragmentation, accompanied by attenuated PRA oscillations (Schulz et al., 1992) .
The relationship between cortisol pulses and SWS also persisted in sleeping sickness: SWS remained associated with the descending phases of the pulses.
This association has been well demonstrated in healthy subjects, particularly in the case of partial sleep deprivation when SWS is delayed and coincides with high adrenocortical activity (Follenius et al., 1991) . Similarly, as previously described (Spiegel et al., 1994) , REM sleep invariably began in the nonascending portions of the prolactin pulses, both in the healthy African subjects and in all of the patients, even in the two patients with hyperprolactinemia. These strong temporal associations further suggest that common processes underlie hormone release and the occurrence of sleep stages. The data presented here do not refer to the possible mechanisms involved, but they succeed in exposing the strong link between hormone pulses and the internal sleep structure.
In conclusion, this study revealed that, together with the disruption of the sleep-wake cycle, there are profound differences in the 24-h profiles of cortisol, prolactin, and plasma renin activity between sleeping sickness patients and normal subjects. In trypanosomiasis, hormone pulses are preserved; the difference lies in their temporal distribution within the 24-h period. But despite such alterations, the relationship between the hormone pulses and specific sleep stages persists, which emphasizes the strength of the processes linking hormone release and the internal sleep structure.
